Abstract Hierarchically structured surfaces have been fabricated using a simple colloidal bottom-up approach. The substrates exhibit a wide range of wettability properties, expressed by water contact angles ranging from 110 to 166
Introduction
The variety in wetting properties of naturally occurring surfaces is due to the diversity in microstructure of their surfaces [1, 2] . It is well established that by controlling the surface roughness and interfacial chemistry, artificial surfaces with various wetting behaviour can be manufactured. However, the role of surface roughness has proven to be more prominent than that of surface chemistry. Furthermore, the size, mutual spacing and design of structures with different length scales are key factors influencing roughness of the surface. In recent work we have demonstrated the ability to tune the superhydrophobic nature from sticky to non-sticky by introducing a second length scale in assembled colloidal superstructures [3] .
Many studies have been conducted to characterize the effect of larger (course) and smaller (fine) length scales in the roughness on surface wettability [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] . For example, Sun et al. [4] studied the effect of changing the size of the smaller length scale roughness on hydrophobicity by depositing silica spheres of different size (from 100 nm to 4 lm) on 8 lm silica spheres. They found that with increasing the size (diameter) of the smaller length scale structures, the hydrophobicity of the surface first increases, but then decreases for even large diameters. The effect of varying the size ratio of the micro-/nano-scale structures on wettability was also studied by Tsai et al. [5] . They used silica nanospheres of 90, 70, 35 and 20 nm as finer structures on large silica microspheres (0:5 lm) and found that the contact angle hysteresis is strongly affected by the size of the finer structures and a small contact angle hysteresis is only achieved at a suitable size ratio (35/500) of the silica spheres. Feng et al. [6] discussed the effect of the size ratio and concluded that hydrophobicity increases by decreasing the size of the nanoscale structures. Tsai et al. [7] studied the effect on surface hydrophobicity by increasing the size and number of layers of the larger structures, while keeping the dimension of the nanostructures the same. They concluded that with increasing the size of the larger length scale structures the (super)hydrophobicity is enhanced. However, a clear relation between the number of sub-layers and surface superhydrophobicity was not found.
Owing to the increasing demand for (super)hydrophobic coatings with diverse adhesion properties in modern technology, ranging from lab-on-a-chip devices to self-cleaning properties [13] [14] [15] [16] [17] [18] , considerable research is focussed on different approaches to manufacture artificial non-wetting coatings with different, tuneable degrees of hydrophobicity and dynamic wetting behaviour [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] . Recently, a number of studies have been devoted to the use of controlled assembly of micro-and nanosized colloidal particles to manufacture substrates with hierarchical roughness via a bottom-up route and focussed on identifying the effect of length scales on the (super)hydrophobic properties [3-7, 10, 12] .
In this work, we present a detailed systematic study of the effect of larger and smaller length scale structures on (super)hydrophobic and adhesion properties. Hierarchical arrays with multi-length scale roughness are achieved by combining smaller and larger length scale building blocks into superstructures. The largest length scale is provided by spincoated mono-and multilayers of silica microspheres. The second length scale is obtained by decorating the silica spheres with gold nanoparticles. To lower the surface energy, gold nanoparticles are functionalized with dodecanethiol (DDT) and the silica spheres by perfluoroctyltriethoxysilane (PFOTS). After a brief description of experimental details, we first describe the morphology of various different hierarchical substrates. Subsequently, we investigate the dynamic wetting properties in terms of contact angle hysteresis and sliding angles. We discuss the transition from sticky hydrophobic to non-sticky superhydrophobic behaviour.
Experimental details
Specifications of all chemicals used, as well as sample preparation procedures are identical to those reported in our previously published work [3] . Briefly summarizing, silica sphere arrays were deposited on silicon substrates by spin-coating. To enable deposition of gold nanoparticles on flat or hemispherical surfaces, the silica was functionalized with mercaptopropyl-trimethoxysilane (MPTMS); thiol end groups provide a large affinity for irreversible adsorption of the citrate-stabilized gold nanoparticles. After the colloidal assembly the exposed silica surfaces were functionalized with perfluoroctyltriethoxysilane (PFOTS) to ensure sufficient stability of the substrates and also to lower the surface energy. Finally, gold nanoparticles were hydrophobized by derivatization with dodecanethiol (DDT).
The superstructure morphology was assessed by helium ion microscopy. Contact angle measurements were performed using the sessile drop method under ambient conditions at room temperature. Advancing and receding contact angles were determined by increasing or decreasing the droplet volume while it was in contact with the surface; sliding angles were determined by tilting the sample holder. Typically, 4-10 ll water droplets were used; contact angle values were determined by the average of at least five independent measurements.
It is been increasingly recognized that effects arising from electrostatic surface charges may affect the shape of sessile droplets. In our experiments performed under ambient conditions with relatively high humidity we have not witnessed any evidence of such effects, and as such neglect any contribution from surface charges.
For further details, we refer to the experimental section of the aforementioned paper [3] . Below we only describe the spin coating of silica spheres of various sizes and specify the preparation of different sizes of gold nanoparticles.
Fabrication of silica sphere arrays
Silica spheres with diameters 850 AE 5, 440 AE 8 and 130 AE 35 nm (as determined by scanning electron microscopy) were purchased from Bangs Laboratories Inc. in aqueous suspension with solid contents of 9.9 wt%. The aqueous suspensions were first centrifuged (using a Z36HK centrifuge, Hermle-Germany) at 6,000 rpm for 5 min at 8 C. After three cycles the silica spheres were redispersed in a mixture of ethanol and ethylene glycol in a ratio 100:1 (v/v) by ultrasonication in ice cold water; ethylene glycol was added to lower the evaporation rate of the solvents. The solid content of silica spheres was reduced to 5 wt%. For spin coating, all samples were prepared at a rotation speed of 3,000 rpm for 60 s followed by 3,500 rpm for 20 s, using a 25 ll droplet of the suspension. To control the surface density of silica spheres in mono-and multilayered arrays, a number of coating cycles as described above were applied.
Colloidal gold preparation
The colloidal gold suspensions containing nanoparticles with diameters of 13 AE 5; 25 AE 3 and 45 AE 5 nm (as determined by scanning electron microscopy) were prepared in two steps. First, smaller particles were prepared through reduction by citric acid, after which these particles were used as seed particles to obtain larger particles by seeded growth. The seed particles were prepared as described in our previous work [3] .
To obtain medium sized (25 nm) gold nanoparticles, first 92.5 ml of 0.3 mM HAuCl 4 solution was heated up to boiling. Then 430 ll of 38.8 mM sodium citrate and 5 ml of 13 nm seed colloids (final concentration 0.17 mM) were added simultaneously while stirring vigorously. For larger gold colloidal nanoparticles (45 nm), 1 ml of 13 nm particle suspension was added simultaneously with 443 ll of 38.8 mM sodium citrate (final concentration 0.17 mM) into 100 ml boiling solution of 0.3 mM HAuCl 4 solution. The mixtures were stirred for 15 min under refluxing conditions, after which stirring continued for another 10 min during cooling down of the solution.
Results and discussion

Characterization of surface morphology
Superstructures consisting of silica spheres with three different diameters, decorated with gold nanoparticles with three varying sizes were investigated; the surface morphology characterization is described in the following subsections. In the subsequent section, the dynamic wetting characteristics are presented and discussed. For details on the smallest silica spheres, the reader is referred to the Electronic Supplementary Information.
Large silica spheres
Analysis of the surface morphology of particulate films prepared with 850 nm diameter silica spheres by a varying number of coatings after PFOTS treatment is presented by the microscopy images in Fig. 1 . The sub-figures (a)-(d) correspond to the first, second, third and fourth spin coating of silica spheres, respectively, while the insets are zoomed views. After the first coating (designated as 1C) in Fig. 1a , silica spheres are adsorbed on the substrate as an incomplete particulate monolayer exhibiting randomly scattered islands of particles separated by large patches, which are depleted of silica spheres. After the second coating (2C), more deposited silica spheres enhance the coverage of the particulate film (Fig. 1b) , while in some places a second layer starts to assemble on top of the existing one leading to a double-layer particulate structure (inset of Fig. 1b ). There does not seem to be a pronounced effect on the surface morphology from the PFOTS functionalization. However, from previous work [20, 21] it is known that a relatively thick organic layer is adsorbed due to hydrolysis and condensation during PFOTS polymerization, giving rise to PFOTS 'bridges' on touching spheres, as can be discerned in the insets of Fig. 1 . With increasing number of deposition cycles, the overall surface coverage of the silica microspheres seems to increase, while the amount of double or triple layer superstructures are seen in Fig. 1c, d , corresponding to three (3C) and four (4C) coatings, respectively. Despite the formation of a multilayer particulate film, there are still randomly scattered areas depleted of microspheres. This enhances the roughness, which in turn is favourable for the non-wetting properties, as will be discussed in the next section.
In the electron microscopy images of Fig. 2 the morphology of silica sphere arrays decorated with various sizes of gold nanoparticles is shown, after chemical modification with PFOTS and DDT. The rows (a), (b) and (c) in Fig. 2 depict the spatial distribution of gold nanoparticles with diameters of 13, 25 and 45 nm, respectively, while columns designated as (1), (2), (3) and (4) represent the number of spin coating cycles used to deposit the silica sphere layers. The nanosized particles are randomly distributed over both the flat areas as well as the silica microspheres. For the particulate silica superstructures with multiple layers (Fig. 2, columns 1-3) , not only the outmost layer but also the inner layer(s) are decorated by the gold nanoparticles, irrespective of their size. Apparently, our bottom-up colloidal approach enables the manufacture of superstructures consisting of raspberry-like particles with hierarchical micro-and nanostructures.
Medium-sized silica spheres
The particulate films prepared by different deposition cycles (1-3) using silica spheres of medium size (440 nm 500 nm (1) (2) (3) (4) a b c 500 nm 500 nm 500 nm 500 nm 500 nm 500 nm 500 nm 500 nm 500 nm 500 nm 500 nm Fig. 3a . Close observation reveals some spots with enhanced contrast, which we assume are the result of polymerization due to the hydrolysis and condensation of groups during PFOTS treatment [29, 30] ; spatial density fluctuations give rise to darker areas in the image. Similarly, this process also gives rise to PFOTS 'bridges' between touching spheres, as can be discerned in the insets of Fig. 3 . The surface structures after the first, second and third spin coating cycles of 440 nm silica spheres after PFOTS adsorption are shown in Fig. 3b-d , respectively. The surface coverage of the 440 nm silica sphere film after the first coating appears to be markedly larger than that of larger particles (850 nm, Fig. 1a) . One of the reasons could be that the number density of medium sized (440 nm) particles in the suspension is higher than the larger ones. After the second deposition cycle, the size of the empty spaces between clusters of silica spheres is considerably reduced (Fig. 3c) , therewith increasing the surface coverage. Moreover, also the adsorption of silica spheres on top of the first layer to form a double-layered film is initiated (Fig. 3c, inset) . The surface coverage further increased after the third coating and most of the substrate is covered with a multilayered structure (Fig. 3d, inset) , although still a few small randomly scattered patches of uncovered substrate can be discerned.
Images representing the decoration of 440 nm silica sphere superstructures by nanosized gold particles after treatment with PFOTS and DDT are compiled in Fig. 4 . The left column, indicated as (0) shows randomly spaced adsorbed gold nanoparticles of different sizes, while columns (1), (2) and (3) depict the spatial distribution of gold nanoentities on particulate films consisting of 440 nm sized silica spheres constructed by a single, double and triple assembly cycle, respectively. In rows (a), (b) and (c) the self-assembly of gold nanoparticles with 13, 25 and 45 nm diameter are illustrated. The gold nanoparticles appear to be deposited everywhere, on mono-and multilayers of silica spheres as well as on uncovered parts of the substrate, yielding hierarchical superstructures with roughness comprising smaller and larger length scales. 
Dynamic wetting behaviour
In this section, we present the dynamic wetting properties of the substrates with hierarchical roughness as presented in the preceding section. To evaluate the surface wettability of the single and multi-length scale substrate we determined static, advancing and receding contact angles (referred to as SCA, ACA and RCA, respectively) as well as the sliding angle using water droplets of various sizes at room temperature; a summary of all measured data is provided in the Electronic Supplementary Information.
The dynamic wetting behaviour is assessed by the movement of the droplet on an inclined surface. The sliding angle is the substrate inclination angle at which the droplet starts to move; the contact angles at the front and rear of the droplet represent the advancing and receding contact angles, respectively. The difference between advancing and receding angles (referred to as hysteresis, represented by the difference D cos h between the cosine of the advancing and receding contact angles) can be directly related to the sliding angle a [31] through
where m is the mass of the droplet, g ¼ 9:8 m/s 2 is the gravitational constant, c lv is the free energy per unit area of the liquid-air interface, i.e. surface tension (c water ¼ 72 mN/m) and w is the width of the base of the droplet.
The errors in the measurements of static, advancing and receding contact angles and the sliding angle amount to 2 ; 4 and 1 , respectively. used. The precise volume is dictated by the ability to deposit the droplet on the prepared surface; on very (super)hydrophobic surfaces, too small droplets will not detach from the needle. 
a)
No AuNPs (b) 13 nm AuNPs (c) 25 nm AuNPs (d) 45 nm AuNPs , while the sliding angle (SA) exceeds 90 . The SCA is markedly larger than that on a flat PFOTS treated surface, which can be understood by considering the roughness of the sphere arrays, as shown in Fig. 1 . Previously, we already discussed that this can be quantitatively understood using the Wenzel model [3] . After subsequent spin coating cycles, the SCA increases to values above 150
, while the SA decreases dramatically to values in the range of [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] . Most likely, droplets are no longer in the complete Wenzel state, but more in a mixed state [12, [32] [33] [34] with partial impregnation of the structured surfaces. In agreement with the still relatively large SA values, analysis of the results reveals that on these single length scale superstructures, the droplets move slowly. We attribute this observation to the slow unpinning of the contact line from partially filled cavities.
In the case of multi-scaled roughness, by increasing the size of the gold nanoparticles from 13 to 45 nm, we observed an increase of the contact angle values. As with the bare PFOTS-derivatized silica spheres, the hydrophobicity increased upon depositing two coatings, but remained relatively unchanged or even decreased upon applying a third and fourth coating. Here, we also ascribe that to the fact that although more silica spheres are deposited, the average roughness does not increase after the second coating.
When we compare the results in rows (b), (c) and (d), it is clear that with increasing diameter of the gold nanoparticles the surfaces become more hydrophobic. The static contact angles increase systematically, while the sliding angles decrease. From the results in Figs. 5 and 6 it can be concluded that after at least two spin coating cycles followed by nanoparticle decoration and chemical treatment, the surfaces all exhibit non-stick superhydrophobic properties, i.e. contact angles exceeding 150 with SA\10 . Apparently, not only the dual length scale is relevant, also the distribution of the larger entities is of importance. When the empty patches are too large (see Fig. 1 ) superhydrophobicity is not achieved.
In Fig. 7 we plot the dynamic advancing and receding contact angles for the surfaces consisting of 850 nm silica spheres with different gold nanoparticles as a function of the static contact angle. Surprisingly, all data points seem to follow a similar trend. The advancing contact angle (ACA) is slightly larger than the static contact angle (SCA, represented by the dashed line in Fig. 7) , irrespective of the SCA value, while the most pronounced change is seen in the receding contact angle (RCA) for SCA values exceeding 150 , corresponding to the superhydrophobic limit. Also shown in Fig. 7 (bottom panel) are the sliding angles as a function of the SCA. For SCA values below 150 , the adhesion is so strong that due to pinning of the contact lines, the SA is larger than 90
. Above 150 SCA, the sliding angles become small and exhibit an approximately linear decrease with increasing values of the SCA. Comparing the results in both panels of Fig. 7 suggests that there is a relation between the sliding angle and the difference between the advancing and receding contact angles, i.e. the contact angle hysteresis.
Medium silica sphere arrays
The dynamic contact angles as well as sliding angles on surfaces prepared using 440 nm silica spheres and gold nanoparticles of different sizes are summarized in Fig. 8 ; specific numerical values are provided in the Electronic Supplementary Information. For 440 nm silica spheres both the advancing and receding contact angles become larger with increasing number of deposition cycles. Although the advancing contact angle reaches 158 (with SCA = 147 ) after three coating cycles, the receding contact angle is still small (112 ), giving rise to sticky (super)hydrophobic behavior.
After deposition of the nanoparticles on the silica particulate films, followed by chemical modification, a marked increase of especially the receding contact was observed (colored symbols in Fig. 8 ). The advancing contact angle also increases slightly, but less pronounced as the receding angle. We find this effect to be more prominent with increasing diameter of the gold nanoparticles. For the particulate film with three coating cycles of 440 nm silica spheres, decorated with 45 nm gold nanoparticles, the static angle reached 160 , while the advancing and receding contact angles amount to 165 and 158 , respectively. This decrease in the contact angle hysteresis is also reflected by the markedly reduced sliding angle of 8 shown in the bottom panel of Fig. 8 . All these observations indicate the formation of a non-sticky superhydrophobic surface again demonstrating the essential role of hierarchical roughness. Surprisingly, in the case of hierarchical assemblies comprised of 440 nm silica spheres, only the combination with 45 nm gold nanoparticles gives rise to truly superhydrophobic characteristics.
The effect of surface roughness of particulate films on the wetting properties of the substrate in case of single length scale features, either arising from silica sphere arrays or from gold nanoparticle monolayers, can be considered in terms of the Wenzel model. The large contact angle hysteresis as well as the correspondingly large sliding angles indicate that the interaction between the liquid and the substrate is dominated by infiltration of the liquid into the surface cavities. Upon introducing the smaller length scale structures, a clear trend is not observed. However, comparing the dynamic advancing and receding contact angles to the static contact angle (see Fig. 8 ), there again seems to be a relation. It appears that upon introducing the smaller length scales into the superstructure, the wetting behaviour changes from the Wenzel regime to a mixed state. This is in agreement with simulations by Johnson and Dettre, who found that the receding contact angle increases dramatically with an increase of the roughness factor [35, 36] . In their simulations they consider a single surface energy for the entire surface. We assume that our gold particles and silica surfaces after modification with PFOTS and DDT, respectively, have very similar surface energies as contact angles on flat silica substrates after PFOTS coating and flat gold surfaces after DDT treatment amount to 105 AE 5 and 100 AE 3 .
Modeling dynamic wetting properties
Different models have been put forward to describe the role of surface roughness on the (static) surface wettability [34, [37] [38] [39] [40] [41] [42] . These include the relatively simple Wenzel and Cassie-Baxter models. Both models have been discussed in many different papers, and we provided a brief summary in our recent paper [3] ; we chose not to repeat them here.
Before discussing recent models, we compare the experimentally measured sliding angles in relation to the contact angle hysteresis as determined for the various substrates. The contact angle hysteresis D cos h is used to calculate the corresponding sliding angles a using Eq. 1
The result is shown in Fig. 9 in which we plot the calculated sliding angles as a function of the measured values.
The solid and open symbols pertain to the silica sphere arrays consisting of large (850 nm) and medium (440 nm) microparticles, decorated with differently sized gold nanoparticles. Comparing the results to the dashed line (unity slope) reveals that apart from a small error, there is good agreement between the calculated and experimental values. Very recently, a number of more elaborate theoretical models have been described in an attempt to quantitatively identify the wetting properties in terms of dynamic behaviour of liquid droplets on such surfaces [12, 43, 44] . Using a thermodynamic approach to model the complexities of contact line dynamics on chemically heterogeneous and also superhydrophobic surfaces, Raj et al. [43] modeled the geometry of the advancing and receding contact line distortion due to pinning. They compared their results to the experimental results and theoretical model of Reyssat and Quéré [45] for Cassie-Baxter droplets on cylindrical pillar arrays and show that there is good agreement. In their model, the advancing contact angle is essentially constant, while the receding angle is the relevant parameter in modeling the contact angle hysteresis and thus also the adhesion properties.
The conclusions of Raj et al. that the receding motion of the contact line is important, has been confirmed in a recent publication by Antonini et al. [46] . They investigate the rebound of impacting droplets on hydrophobic surfaces. The main conclusion from their work was that the receding contact angle is the key parameter which controls the rebound and bouncing of droplets on superhydrophobic surface. Only when the receding angle exceeds 100 do liquid drops rebound after impact. Also, the drop rebound time decreased by increasing the receding contact angle. These results are in perfect agreement with our findings as presented in Figs. 7 and 8 , where we only observe sliding angles when the contact angle hysteresis decreases; this indeed happens when the receding angles become larger than approximately 100 .
In a recent paper, Badge et al. [12] presented a study into the wettability of single layered and hierarchically ordered arrays of spherical colloidal particles. Much like our work, they assemble spherical particles into superstructures with a single or dual length scale roughness. The size and interparticle spacing is varied, both of the larger and smaller entities, as expressed by a ratio r ¼ L=D with L the minimum centre-to-centre distance and D the diameter of the particles. Based on a thorough quantitative analysis, expressions for the effective contact angles were derived, in which they consider three different wetting states: (1) the Wenzel state, where the liquid completely penetrates into the cavities between the micro-and nanoscale particles; (2) the Cassie-Baxter state, in which the liquid is largely residing on the extremities; and (3) the penetrating CassieBaxter state, where the liquid does penetrate into the cavities between the larger entities, but does not fill the voids separating the smallest length-scale structures. Obviously, the latter state is only possible for superstructures with a hierarchy in the roughness. The main conclusions from their work is that for the hierarchical substrates, the CassieBaxter and Wenzel states are the only models which give realistic, i.e. real values for the effective contact angle. In principle, for the penetrating Cassie-Baxter model, real contact angle values could be obtained but only for values r\1; obviously this is not physically feasible.
Relating the work of Badge and co-workers to our results as presented in this paper, we come to realize that for touching large spheres as considered here, the large scale value of r is always equal to unity; the nearestneighbour distance separating the large silica spheres is always equal to twice the particle radius. The non-uniformity of the layers as observed in Figs. 1 and 3 introduces a third length scale which is difficult to model. For fluorinated surfaces with intrinsic contact angles exceeding 105 , the results in Ref. [12] suggest a fakir-like Cassie-Baxter wetting state for r ¼ 1:5 for the smaller length scale structures. The latter value is in reasonable agreement with the spacing between the gold nanoparticles on our surfaces. Although direct proof of such a suspended wetting configuration is not available for our results, the small sliding angles strongly suggest this to be the case.
Conclusions
On the basis of our results we find that (1) variation of the size of smaller length scale structures influences the dynamic behaviour of water droplets on solid surfaces as exhibited by the sliding angle, (2) a change in the size of the larger length scale structures (silica spheres) can significantly tune the degree of hydrophobicity and (3) the distribution/spacing of the larger structures also is a factor in controlling the surface wettability. We conclude that to achieve perfect superhydrophobic superstructures for selfcleaning purposes not only multi-scaled roughness, but also a suitable combination of smaller and larger length scales is essential. Generally, the ability to vary the hierarchical surface roughness and therewith tune the adhesion from sticky to highly non-sticky is of great interest for a range of practical applications.
